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The light-cone distribution amplitudes (LCDAs) of the Σ± baryons up to twist-6
are investigated on the basis of the QCD conformal partial wave expansion approach.
The calculations are carried out to the next-to-leading order of conformal spin accu-
racy. The nonperturbative parameters relevant to the LCDAs are determined in the
framework of the QCD sum rule method. The explicit expressions of the LCDAs are
given as the main results.
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I. INTRODUCTION
Signals confirmed by ATLAS and CMS[1, 2] showed that the Higgs boson[3] in the
standard model (SM) have been found and the SM is most likely to be a precise theory
at the present energy scale. New physics beyond the SM at higher energy scale is mostly
concerned nowadays and in the near future. However, many difficulties are still alive
in practical analysis of hadron physics involving nonperturbative QCD effect when we
study hadronic phenomena at low energy, or ΛQCD scale. A typical method to solve the
nonperturbative difficulties in QCD is factorization, in which the nonperturbative part is
included into the wave function, such as the parton distribution functions for inclusive
processes, fragmentation distribution functions for the hadronization, and the distribution
amplitudes for exclusive processes. Specifically, in theoretical investigations of the hard
exclusive processes [4, 5] and hadronic physics with the QCD light-cone sum rule method
[6–8], the light-cone distribution amplitudes (LCDAs) are fundamental ingredients to be
studied. Furthermore, when searching for new physics beyond the SM, it is an important
way to study flavor physics, in which some processes that are sensitive to the new physics
can be measured more precisely nowadays than any time before. All of these require
detailed information of the internal structure and the dynamical properties of the hadron,
which are dominated by the nonperturbative QCD characters.
In the past decades, many efforts have been made in the descriptions of mesons[9] and
the nucleon[10–15], whereas, theoretical studies of a large number of the hadron physics
phenomena require us to know LCDAs of many other hadrons such as the octet baryons,
2the decuplet baryons, and some excited hadron states that are difficult to be determined
experimentally at present. We have examined the LCDAs of the strange octet baryons in
the previous work[16] in the conformal spin expansion method[12, 18, 19]. Our calculation
concerns LCDAs to twist-6 to the accuracy of the leading order of conformal spin expan-
sion. The obtained parameters are also used to analyze some hadronic physics processes
as applications[20–23]. However, some of the investigations[20, 22] have implied that cor-
rections from the higher order conformal spin contributions may affect the results to some
extent.
In the point view of applications, an important effect to the LCDAs is the correction
of the higher twist distribution functions. The higher order twist contributions to LCDAs
have several origins, among which the main one comes from “bad” components in the
wave function and in particular of components with “wrong” spin projection for the case
of baryons [11, 16]. Compatible with the previous works, we focus on higher order twist
contributions from bad components in the decomposition of the Lorentz structure in this
paper. One of the general descriptions of LCDAs is based on the conformal symmetry
of the massless QCD Lagrangian dominated on the light cone. The conformal partial
wave expansion of the LCDAs can be carried out safely in the limit of the SU(3)-flavor
symmetry approach. However, when terms connected with the s-quark mass are considered,
the SU(3)-flavor breaking effects need to be included. In the present work, effects from the
SU(3)-flavor symmetry breaking are considered as the corrections, which originate from
two sources: isospin symmetry breaking and corrections to the nonperturbative parameters.
It is known that the leading order contribution with the conformal spin expansion
approach comes from the properties of the matrix elements of the local three-quark operator
between the vacuum and the baryon state. Thus, it is natural that higher order corrections
should be related to the expansion of the matrix elements of the nonlocal three-quark
operator at the zero point. However, we still need to estimate how much the contributions
from four-particle effects will do on the result. Fortunately we have known that for processes
whose dominant contribution is from the light cone the four-particle contributions can
be safely omitted in the lower leading order. Thus, in the following analysis we only
consider contributions from three-quark operator matrix element, whose higher moment is
calculated with QCD sum rules[17].
As applications, the light-cone QCD sum rule method has been used to examine pro-
cesses related to the strange octet baryons and give instructive estimates [23, 24]. In the
previous works, we have analyzed some physical processes related to the final states about
the Σ baryon. The results are compatible with the experiments and(or) the other the-
oretical predications[21]. Nevertheless, there are still some processes which are not well
described [20, 22]. We wish the higher order corrections from the higher conformal spin
may give us more accurate estimates.
The rest of the paper is organized as follows. Section II is devoted to present the
definitions of the higher order moment of the three-quark operators related to corrections
3of LCDAs from the higher conformal spin expansion. In Sec. II B, the conformal partial
wave expansion of the LCDAs is carried out by use of the conformal symmetry of the
massless QCD Lagrangian. The nonperturbative parameters connected with the LCDAs
are determined in Sec. III with the QCD sum rule method. Finally, we give the explicit
expressions of the Σ baryon LCDAs in Sec. IV. A summary is given is Sec. V. The equations
of motion which are used to reduce the number of the free parameters are presented in
Appendix A for the completeness of this paper. The sum rule of one coupling constant V s1
is analyzed in Appendix B as an example to elucidate the principal process of this method,
and the other sum rules can be carried out in the same way.
II. HIGHER CONFORMAL EXPANSION OF THE LIGHT-CONE
DISTRIBUTION AMPLITUDES OF Σ
A. General definition
Matrix elements of the quark-quark or quark-gluon-quark field operator between vacuum
or hadron states are the great important ingredients in analysis of processes in quantum
field theory. Light-cone distribution amplitudes of the Σ baryon are defined by the general
Lorentz expansion of the matrix element of the nonlocal three-quark-operator between the
vacuum and the baryon state
〈0|ǫijkqiα(a1z)q
j
β(a2z)s
k
γ(a3z)|Σ(P )〉 , (1)
where q represents u or d quark, which correspond to Σ+ or Σ− baryon, respectively. The
indices α, β, γ refer to Lorentz indices and i, j, k represent color ones. It is noticed that to
make the matrix element above gauge invariant, the gauge factor [x, y] = P exp[igs
∫ 1
0
dt(x−
y)µA
µ(tx+(1−t)y)] need to be inserted, whereas when fixed-point gauge (x−y)µAµ(x−y) =
0 is adopted, this factor is equal to unity. Thus in this paper we do not show them explicitly.
Taking into account the Lorentz covariance, spin and parity properties of the baryons,
the matrix element (1) is generally decomposed as
4〈0|ǫijkqiα(a1z)q
j
β(a2z)s
k
γ(a3z)|Σ(P )〉 =
∑
i
Fi Γ
αβ
1i
(
Γ2iΣ
)
γ
, (2)
where Σγ is the spinor of the baryon with the quantum number I(J
P ) = 1(1
2
+
) (I is the
isospin, J is the total angular momentum, and P is the parity), Γ1(2)i are certain Dirac
structures over which the sum is carried out, and Fi = Si,Pi,Ai,Vi, Ti are the independent
distribution amplitudes which are functions of the scalar product P ·z[16]. It is also noticed
that z and p are the two light-cone vectors which satisfy z2 = 0 and p2 = 0.
Functions defined above do not have definite twist. In order to classify the LCDAs
according to the definite twist, we redefine the wave functions Fi in the infinite momentum
4frame as:
4〈0|ǫijks1
i
α(a1z)s2
j
β(a2z)q
k
γ(a3z)|Σ(P )〉 =
∑
i
Fi Γ
′αβ
1i
(
Γ′2iΣ
)
γ
. (3)
A naive calculation shows that the invariant functions Si,Pi,Vi,Ai, Ti can be expressed in
terms of the LCDAs Fi = Si, Pi, Vi, Ai, Ti. The two sets of definitions have the following
relations:
S1 = S1 , 2p · z S2 = S1 − S2 ,
P1 = P1 , 2p · z P2 = P2 − P1 ,
V1 = V1 , 2p · zV2 = V1 − V2 − V3 ,
2V3 = V3 , 4p · zV4 = −2V1 + V3 + V4 + 2V5 ,
4p · zV5 = V4 − V3 , (2p · z)
2V6 = −V1 + V2 + V3 + V4 + V5 − V6 (4)
for scalar, pseudoscalar, and vector structure, and
A1 = A1 , 2p · zA2 = −A1 + A2 −A3 ,
2A3 = A3 , 4p · zA4 = −2A1 −A3 − A4 + 2A5 ,
4p · zA5 = A3 − A4 , (2p · z)
2A6 = A1 −A2 + A3 + A4 −A5 + A6 (5)
for axial-vector structure, and
T1 = T1 , 2p · zT2 = T1 + T2 − 2T3 ,
2T3 = T7 , 2p · zT4 = T1 − T2 − 2T7 ,
2p · zT5 = −T1 + T5 + 2T8 , (2p · z)
2T6 = 2T2 − 2T3 − 2T4 + 2T5 + 2T7 + 2T8 ,
4p · zT7 = T7 − T8 , (2p · z)
2T8 = −T1 + T2 + T5 − T6 + 2T7 + 2T8 (6)
for tensor structure.
The classifications of the LCDAs Fi with a definite twist are listed in Table I, where we
take Σ+ as an example. The explicit expressions of the definition can be found in Refs.
[11, 16]. Each distribution amplitude Fi can be represented as
F (aip · z) =
∫
Dxe−ipz
∑
i
xiaiF (xi), (7)
where the dimensionless variables xi, which satisfy the relations 0 < xi < 1 and
∑
i xi = 1,
correspond to the longitudinal momentum fractions along the light cone carried by the
quarks inside the baryon. The integration measure is defined as
∫
Dx =
∫ 1
0
dx1dx2dx3δ(x1 + x2 + x3 − 1). (8)
There exist some symmetry properties of the LCDAs from the identity of the two u/d
quarks in the Σ baryon, which is useful to reduce the number of the independent functions.
5TABLE I: Independent baryon distribution amplitudes in the chiral expansion.
Lorentz-structure Light-cone projection Nomenclature
Twist-3 (C 6z)⊗6z u+↑ u
+
↓ s
+
↑ Φ3(xi) = [V1 −A1] (xi)
(Ciσ⊥z)⊗ γ
⊥ 6z u+↑ u
+
↑ s
+
↓ T1(xi)
Twist-4 (C 6z)⊗6p u+
↑
u+
↓
s−
↑
Φ4(xi) = [V2 −A2] (xi)
(C 6zγ⊥6p )⊗ γ
⊥6z u+↑ u
−
↓ s
+
↓ Ψ4(xi) = [V3 −A3] (xi)
(C 6p 6z)⊗6z u−↑ u
+
↑ s
+
↑ Ξ4(xi) = [T3 − T7 + S1 + P1] (xi)
(C 6p 6z)⊗6z u−↓ u
+
↓ s
+
↑ Ξ
′
4(xi) = [T3 + T7 + S1 − P1] (xi)
(Ciσ⊥z)⊗ γ
⊥ 6p u+
↓
u+
↓
s−
↓
T2(xi)
Twist-5 (C 6p)⊗6z u−
↑
u−
↓
s+
↑
Φ5(xi) = [V5 −A5] (xi)
(C 6pγ⊥6z )⊗ γ
⊥6p u−↑ u
+
↓ s
−
↓ Ψ5(xi) = [V4 −A4] (xi)
(C 6z 6p)⊗6p u+↑ u
−
↑ s
−
↑ Ξ5(xi) = [−T4 − T8 + S2 + P2] (xi)
(C 6z 6p)⊗6p u+↓ u
−
↓ s
−
↑ Ξ
′
5(xi) = [S2 − P2 − T4 + T8] (xi)
(Ciσ⊥p)⊗ γ
⊥ 6z u−
↓
u−
↓
s+
↓
T5(xi)
Twist-6 (C 6p)⊗6p u−↑ u
−
↓ s
−
↑ Φ6(xi) = [V6 −A6] (xi)
(Ciσ⊥p)⊗ γ
⊥ 6p u−↑ u
−
↑ s
−
↓ T6(xi)
Taking into account the Lorentz decomposition of the γ-matrix structure, it is easy to see
that the vector and tensor LCDAs are symmetric, whereas the scalar, pseudoscalar and
axial-vector structures are antisymmetric under the interchange of the two u/d quarks:
Vi(1, 2, 3) = Vi(2, 1, 3), Ti(1, 2, 3) = Ti(2, 1, 3),
Si(1, 2, 3) = −Si(2, 1, 3), Pi(1, 2, 3) = −P (2, 1, 3),
Ai(1, 2, 3) = −A(2, 1, 3). (9)
The similar relationships hold for the “calligraphic” structures in Eq. (2).
In order to expand the LCDAs by the conformal partial waves, we rewrite the LCDAs in
terms of quark fields with definite chirality q↑(↓) = 1
2
(1±γ5)q. Taking Σ
+ as an example, the
classification of the LCDAs in this presentation can be interpreted transparently: projection
on the state with the two u-quarks antiparallel, i.e. u↑u↓, singles out vector and axial vector
structures, while parallel ones, i.e. u↑u↑ and u↓u↓, correspond to scalar, pseudoscalar and
tensor structures. The explicit expressions of the LCDAs by chiral-field representations are
presented in Table I as an example for Σ+. The counterparts of Σ− can be easily obtained
under the exchange u→ d.
Note that in the case of the nucleon, the isospin symmetry can be used to reduce the
number of the independent LCDAs to eight[11]. However, there are no similar isospin
6symmetric relationships existing when the Σ baryon is considered. Therefore, we need
altogether 14 chiral field representations to express all the LCDAs.
B. Conformal expansion
In this subsection we give the explicit form of the LCDAs with the aid of the conformal
partial wave expansion approach. The main idea of this method is based on the conformal
symmetry of the massless QCD Lagrangian. In this approach the longitudinal degrees
of freedom can be separated from transverse ones. On the one hand, the properties of
transverse coordinates are described by the renormalization scale that is determined by the
renormalization group equation. On the other hand, the longitudinal momentum fractions
that are living on the light cone are governed by a set of orthogonal polynomials, which
form an irreducible representation of the collinear subgroup SL(2, R) of the conformal
group.
The algebra of the collinear subgroup SL(2, R) is determined by the following four
generators:
L+ = −iP+, L− =
i
2
K−, L0 = −
i
2
(D−M−+), E = i(D+M−+), (10)
where Pµ, Kµ, D, and Mµν correspond to the translation, special conformal transforma-
tion, dilation and Lorentz generators, respectively. The notations are used for a vector A:
A+ = Aµz
µ and A− = Aµp
µ/p · z. Let L2 = L20 − L0 + L+L−, then a given distribution
amplitude with a definite twist can be expanded by the conformal partial wave functions
that are the eigenstates of L2 and L0.
For the three-quark state, the distribution amplitude with the lowest conformal spin
jmin = j1 + j2 + j3 is [18, 19]
Φas(x1, x2, x3) =
Γ[2j1 + 2j2 + 2j3]
Γ[2j1]Γ[2j2]Γ[2j3]
x1
2j1−1x2
2j2−1x3
2j3−1, (11)
where ji represents the conformal spin of the quark field that is defined as half of the
canonical dimension plus its spin j = (l + s)/2. Contributions with higher conformal spin
j = jmin + n (n = 1, 2, ...) are given by Φas multiplied by polynomials that are orthogonal
over the weight function (11). For LCDAs in Table I, we give their conformal expansions:
Φ3(xi) = 120x1x2x3[φ
0
3 + φ
−
3 (x1 − x2) + φ
+
3 (1− 3x3) + ...],
T1(xi) = 120x1x2x3[t
0
1 + t
−
1 (x1 − x2) + t
+
1 (1− 3x3) + ...] (12)
7for twist-3 and
Φ4(xi) = 24x1x2[φ
0
4 + φ
−
4 (x1 − x2) + φ
+
4 (1− 5x3) + ...],
Ψ4(xi) = 24x1x3[ψ
0
4 + ψ
−
4 (x1 − x3) + ψ
+
4 (1− 5x2) + ...],
Ξ4(xi) = 24x2x3[ξ
0
4 + ξ
−
4 (x2 − x3) + ξ
+
4 (1− 5x1) + ...],
Ξ′4(xi) = 24x2x3[ξ
′0
4 + ξ
′−
4 (x2 − x3) + ξ
′+
4 (1− 5x1) + ...],
T2(xi) = 24x1x2[t
0
2 + t
−
2 (x1 − x2) + t
+
2 (1− 5x3) + ...] (13)
for twist-4 and
Φ5(xi) = 6x3[φ
0
5 + φ
−
5 (x1 − x2) + φ
+
5 (1− 2x3) + ...],
Ψ5(xi) = 6x2[ψ
0
5 + ψ
−
5 (x1 − x3) + ψ
+
5 (1− 2x2) + ...],
Ξ5(xi) = 6x1[ξ
0
5 + ξ
−
5 (x2 − x3) + ξ
+
5 (1− 2x1) + ...],
Ξ′5(xi) = 6x1[ξ
′0
5 + ξ
′−
5 (x2 − x3) + ξ
′+
5 (1− 2x1) + ...],
T5(xi) = 6x3[t
0
5 + t
−
5 (x1 − x2) + t
+
5 (1− 2x3) + ...] (14)
for twist-5, and
Φ6(xi) = 2[φ
0
6 + φ
−
6 (x1 − x2) + φ
+
6 (1− 3x3) + ...],
T6(xi) = 2[t
0
6 + t
−
6 (x1 − x2) + t
+
6 (1− 3x3) + ...] (15)
for twist-6. Up to now there are altogether 42 parameters which need to be determined.
To the next-to-leading order, the normalization of the Σ baryon LCDAs is determined
by the matrix element of the nonlocal three-quark operator expanded at the zero point.
The decomposition of the matrix element is
〈0|ǫijkuiα(a1z)u
j
β(a2z)s
k
γ(a3z)|Σ(P )〉 = 〈0|ǫ
ijkuiα(a1z)u
j
β(a2z)s
k
γ(a3z)|Σ(P )〉
+zλ〈0|[ǫ
ijkuiα(a1z)
↔
D u
j
β(a2z)]s
k
γ(a3z)|Σ(P )〉
+zλ〈0|ǫ
ijkuiα(a1z)u
j
β(a2z)[
~Dskγ(a3z)]|Σ(P )〉. (16)
The Lorentz decomposition of the matrix element can be expressed explicitly as
4〈0|ǫijksiα(0)s
j
β(0)q
k
γ(0)|Σ(P )〉 = V
0
1 (6PC)αβ(γ5Σ)γ + V
0
3 (γµC)αβ(γµγ5Σ)γ
+T 01 (P
νiσµνC)αβ(γ
µγ5Σ)γ + T
0
3 M(σµνC)αβ(σ
µνγ5Σ)γ (17)
for the matrix element of the leading order, and
4〈0|ǫijkuiα(a1z)u
j
β(a2z)[
~Dskγ(a3z)]|Σ(P )〉
= Vs1(6PC)αβ(γ5Σ)γ + V
0
2M(6PC)αβ(γλγ5Σ)γ + V
s
3PλM(γµC)αβ(γµγ5Σ)γ
+V04M
2(γλC)αβ(γ5Σ)γ + V
0
5M
2(γµC)αβ(iσµλγ5Σ)γ + T
s
1 Pλ(P
νiσµνC)αβ(γ
µγ5Σ)γ
+T 02 M(P
νiσλνC)γ5Σγ + T
s
3 MPλ(σµνC)αβ(σ
µνγ5Σ)γ + T
0
4 M(PνσµνC)αβ(σ
µλγ5Σ)γ
+T 05 M
2(iσµλC)αβ(γ
µγ5Σ)γ + T
0
7 M
2(σµνC)αβ(σ
µνγλγ5Σ)γ , (18)
84〈0|[ǫijkuiα(a1z)
↔
D u
j
β(a2z)]s
k
γ(a3z)|Σ(P )〉
= Su1PλMCαβ(γ5Σ)γ + S
0
2M
2Cαβ(γλγ5Σ)γ + P
u
1PλM(γ5C)αβΣγ + P
0
2M
2(γ5C)αβ(γλΣ)γ
+Au1Pλ(6Pγ5C)αβΣγ +A
0
2M(6Pγ5C)αβγλΣγ +A
0
3PλM(γµγ5C)αβγµΣγ
+A04M
2(γλγ5C)αβΣγ +A
0
5M
2(γµγ5C)αβiσµλΣγ (19)
for the next leading order expansion. There are altogether 24 nonperturbative parameters
in the expressions. However, we need not so many free parameters because there are some
constraints to reduce the freedom of the coefficients. It is noticed that all the parameters
defined above are not independent and can be reduced with the help of the motion of
equation, which can be seen in Appendix A.
Choosing V01 ,V
0
3 ,V
s
1 ,V
s
3 , T
0
1 , T
0
3 , T
s
1 , T
s
3 ,A
u
1 ,A
u
3 ,S
u
1 ,P
2
0 as the independent parameters,
the other ones can be expressed with them:
V02 =
1
4
(Vs1 − 2V
s
3), V
0
4 =
1
16
(4V01 − 4V
0
3 − 3V
s
1 + 2V
s
3),
V05 =
1
48
(−4V01 + 4V
0
3 + 3V
s
1 − 50V
s
3), T
0
2 =
1
10
(3Su1 − 3T
0
1 + 6T
0
3 + 2T
s
1 − 2T
s
3 ),
T 04 =
1
10
(Su1 − T
s
1 + 2T
0
3 + 4T
s
1 − 14T
s
3 ), T
0
5 = −T
s
3 ,
T 07 =
1
30
(5P02 − S
u
1 + T
0
1 − 12T
0
3 − 4T
s
1 + 24T
s
3 ), A
0
2 =
1
4
(4Au3 − 4V
0
3 − V
s
1 + 6V
s
3),
A04 =
1
16
(−4Au1 − 8A
u
3 + 4V
0
3 + V
s
1 − 6V
s
3), A
0
5 =
1
48
(4V01 + 20V
0
3 + 3V
s
1 + 14V
s
3),
S02 =
1
10
(−10P02 + 3S
u
1 + 7T
0
1 + 6T
0
3 + 2T
s
1 − 12T
s
3 ),
Pu1 =
1
5
(−Su1 + T
0
1 − 12T
0
3 − 4T
s
1 + 24T
s
3 ). (20)
Recall the relations of the leading order, there are altogether 12 parameters to be de-
termined. To this end, we introduce the additional eight decay constants defined by the
following matrix elements of a three-quark operator with a covariant derivative:
〈0|ǫijk
[
ui(0)C 6zuj(0)
]
γ5 6z(iz ~Ds
k)(0)|Σ(P )〉 = fΣV
s
1 (P · z)
2 6zΣ(P )γ ,
〈0|ǫijk
[
ui(0)C 6zγ5iz
↔
D u
j(0)
]
6zsk(0)|Σ(P )〉 = −fΣA
u
1(P · z)
2 6zΣ(P )γ ,
〈0|ǫijk
[
ui(0)Cγuuj(0)
]
γ5 6zγ
u(iz ~Dsk)(0)|Σ〉 = λ1f
s
1 (P · z)M 6zΣ(P )γ ,
〈0|ǫijk
[
ui(0)Cσµνu
j(0)
]
γ5 6zσµν(iz ~Ds
k)(0)|Σ〉 = −λ2f
s
2 (P · z)M 6zΣ(P )γ ,
〈0|ǫijk
[
ui(0)Cγµγ5iz
↔
D u
j(0)
]
6zγµsk(0)|Σ(P )〉 = −λ1f
u
1 (P · z)M 6zΣ(P )γ ,
〈0|ǫijk
[
ui(0)iP νCσµνuj(0)
]
γ5 6z(iz ~Ds
k)(0)|Σ(P )〉 = −λ3f
s
3 (P · z)M
2 6zΣ(P )γ ,
〈0|ǫijk
[
ui(0)Ciz
↔
D u
j(0)
]
γ5s
k(0)|Σ(P )〉 = Su1 (P · z)MΣ(P )− S
0
2M
2(6zΣ(P ))γ ,
〈0|ǫijk
[
ui(0)Ciz
↔
D γ5u
j(0)
]
sk(0)|Σ(P )〉 = Pu1 (P · z)MΣ(P ) + P
0
2M
2(6zΣ(P ))γ .(21)
It is noticed that each of the last two matrix element have two different Lorentz structures
which permit us to get two different sum rules; whereas the calculations also indicate that
9the sum rules from the last two ones are the same, so we can get the necessary equations
from the two different sum rules.
We also need another four decay constant defined by the leading order local operator
matrix element which has been calculated in the previous paper [16]
〈0|ǫijk
[
ui(0)C 6zuj(0)
]
γ5 6zs
k(0)|P 〉 = fΣP · z 6zΣ(P ) ,
〈0|ǫijk
[
ui(0)Cγµu
j(0)
]
γ5γ
µsk(0)|P 〉 = λ1MΣ(P ) ,
〈0|ǫijk
[
ui(0)Cσµνu
j(0)
]
γ5σ
µνsk(0)|P 〉 = λ2MΣ(P ) ,
〈0|ǫijk
[
ui(0)Ciqνσµνu
j(0)
]
γ5γµs
k(0)|P 〉 = λ3M 6qΣ(P ) . (22)
A simple calculation gives the relations between the local nonperturbative parameters
V0,si ,A
u
i , T
0,s
i , P
0
2 , S
u
1 and the decay constants defined in Eqs. (21) and (22):
fΣ = V
0
1 , λ1 = V
0
1 − 4V
0
3 ,
λ2 = 6T
0
1 − 24T
0
3 , λ3 = 3T
0
1 − 6T
0
3 ,
fΣV
s
1 = V
s
1 , fΣA
u
1 = A
u
1 ,
λ1f
s
1 = −V
s
1 + 4V
s
3 + 2V
0
2 , λ2f
s
2 = 6T
s
1 − 2T
0
2 − 24T
s
3 − 8T
0
4 ,
λ1f
u
1 = A
u
1 + 2A
0
2 + 4A
u
3 , λ3f
s
3 = 3T
s
3 + T
0
2 − 6T
s
3 − T
0
4 + 4T
0
5 + 12T
0
7 . (23)
We also noticed that Su1 and P
0
2 are defined directly by the matrix element and can be
determined by the following method. Up to now we can express all the independent
parameters by the nonperturbative decay constants defined in Eqs. (21) and (22):
V01 = fΣ, V
0
3 =
1
4
(fΣ − λ1), V
s
1 = fΣV
s
1 , V
s
3 =
1
2
f s1λ1,
T 01 =
1
6
(−λ2 + 4λ3),
T 03 =
1
12
(−λ2 + 2λ3),
T s1 =
62
33
P 02 −
13
22
Su1 +
31
99
λ2 −
19
66
f s2λ2 −
85
198
λ3 −
31
33
f s3λ3,
T s3 =
4
11
P 02 −
5
22
Su1 +
2
33
λ2 −
3
22
f s2λ2 −
1
22
λ3 −
2
11
f s3λ3,
Au1 = fΣA
u
1 , A
u
3 =
1
12
(fΣ − 2f1A
u
1 + fΣV
s
1 − λ1 − 3f
s
1λ1 + 2f
u
1 λ1). (24)
Further calculation shows that coefficients in Eqs. (12)-(15) can be expressed to the
next-to-leading order conformal spin accuracy as
φ03 = φ
0
6 = V
0
1 , ψ
0
4 = ψ
0
5 = 2V
0
3 ,
φ04 = φ
0
5 = V
0
1 − 2V
0
3 , t
0
1 = ξ
′0
4 = −ξ
0
5 = T
0
1 ,
t02 = t
0
5 = ξ
0
4 = −ξ
′0
5 = T
0
1 − 4T
0
3 , −ξ
0
5 = t
0
6 = T
0
1 (25)
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for leading order and
φ+3 =
21
6
V01 − V
s
1 , φ
+
6 = 2V
0
1 − 6V
s
1 + 12V
0
2 − 12V
0
4 − 12V
0
5 ,
t+1 =
1
2
(7T 01 − 21T
s
1 ), φ
+
4 =
3
2
(V01 − 2V
0
3 )−
15
2
(Vs1 − 2V
0
2 − 2V
s
3),
t+6 = 2T
0
1 − 6T
s
1 + 12T
0
4 − 12T
0
5 , t
−
1 = t
−
2 = t
−
5 = t
−
6 = 0
φ+5 = 5V
0
1 − 10V
0
3 − 10V
s
1 − 20V
0
4 + 20V
0
5 + 20V
s
3 ,
t+5 = 5T
0
1 + 20T
0
3 − 10T
s
1 − 20T
0
5 − 80T
0
7 ,
t+2 =
3
2
(T 01 − 4T
0
3 )− 15(T
s
1 − 2T
0
4 − 4T
s
3 ),
φ−3 = −
21
2
Au1 , φ
−
6 = −6(A
u
1 + 2A
0
2 + 2A
0
4 + 2A
0
5),
φ−4 =
15
2
(Au1 + 2A
0
2 − 2A
u
3), φ
−
5 = −10(A
u
1 + 2A
0
4 − 2A
0
5 + 2A
u
3),
ψ+4 =
15
2
(Vs3 −A
u
3)−
9
2
V03 , ψ
−
4 =
15
2
(V03 −A
u
3)−
45
2
Vs3 ,
ψ+5 = 40(V
s
3 + 2V
0
5 −A
u
3 + 2A
0
5), ψ
−
5 = 10(V
0
3 − 3V
s
3 − 6V
0
5 −A
u
3 + 2A
0
5),
ξ′
+
4 = 3(2S
u
1 − 2P
u
1 − T
s
1 + 2T
0
2 ), ξ
′−
4 = −3(S
u
1 −P
u
1 )− 3T
0
1 + 9(T
s
1 − T
0
2 ),
ξ+4 = 6(S
u
1 + P
u
1 ) +
3
10
(T 01 − 4T
0
3 + 10T
0
2 − 5T
s
1 + 8T
s
3 ),
ξ−4 = −3(S
u
1 + P
u
1 )−
9
10
(
13
10
T 01 −
26
5
T 03 + 10T
0
2 − 5T
s
1 + 8T
s
3 ),
ξ+5 = 20(T
0
3 − 2T
0
7 )− 15(T
s
1 + 2T
0
5 + T
0
2 − T
0
4 ) + 5(S
u
1 + P
u
1 − 2S
0
2 + 2P
0
2 ),
ξ−5 = −5T
0
1 − 6(T
0
3 − 2T
0
7 ) + 45(T
s
1 + 2T
0
5 + T
0
2 − T
0
4 ) + 5(S
u
1 + P
u
1 − 2S
0
2 + 2P
0
2 ),
ξ′
+
5 = 40(T
0
3 − 2T
0
7 )− 30(T
s
1 + 2T
0
5 + T
0
2 − T
0
4 ) + 5(S
u
1 − P
u
1 − 2S
0
2 − 2P
0
2 ),
ξ′
−
5 = −5(T
0
1 − 4T
0
3 )− 120(T
0
3 − 2T
0
7 ) + 90(T
s
1 + 2T
0
5 + T
0
2 − T
0
4 )
+5(Su1 −P
u
1 − 2S
0
2 − 2P
0
2 ) (26)
for the next-to-leading order.
III. NUMERICAL ANALYSIS OF THE SUM RULES FOR THE
NONPERTURBATIVE PARAMETERS
The nonperturbative parameters appearinf in the above section can be determined with
QCD sum rules [17]. The QCD sum rule approach is a well-used tool to estimate unknown
physical parameters which are connected with the nonperturbative effects in low energy
scale of strong interaction. Early in the 1980s the QCD sum rules were used to calculate
the moments of the meson and baryon LCDAs [25]. The detailed analysis of the sum rules
for V s1 is presented in Appendix B as an example for the approach. Analysis of other sum
rules are the same as the example. In this section we only present the explicit expressions
of the parameters from this method. It is noticed that the parameters related with the
11
leading order conformal spin expansion have been obtained in Ref. [16]. Herein we only
present the next-to-leading order ones. The sum rules are as follows:
• The sum rule for V s1 is
2f 2ΣV
s
1 e
−M2/M2
B =
∫ s0
m2s
e−s/M
2
Bρ(s)ds+Πcond., (27)
where
ρ(s) =
1
5× 3× 25π4
s(1− x)5(1 + 2x) +
〈g2G2〉
3× 26π4
1
s
x3(1− x)
+
〈g2G2〉
32 × 26π4
1
s
x(1− x)2(1− 4x), (28)
and
Πcond. =
m(m20 − 2m
2
s)
32 × 23π2
〈s¯s〉
1
M2B
−
ms
32 × 24π2
〈s¯g · σGs〉
1
M2B
(1 +
m2s
M2B
), (29)
where x = m2s/s, ms is the strange quark mass, M is the mass of Σ and M
2
B is the
Borel parameter.
• The sum rule for Au1 is
2f 2ΣA
u
1e
−M2/M2
B =
∫ s0
m2s
e−s/M
2
Bρ(s)ds+Πcond., (30)
where
ρ(s) =
〈g2G2〉
32 × 23π4
1
s
x(1 − x)3, (31)
and
Πcond. =
〈s¯σ ·Gs〉
3× 24π2
ms
M2B
−
〈s¯σ ·Gs〉
32 × 23π2
m3s
M4B
. (32)
• The sum rule for f s1 is
λ21M
2f s1e
−M2/M2
B =
∫ s0
m2s
e−s/M
2
Bρ(s)ds+Πcond., (33)
where
ρ(s) = −
s2
5 × 3× 26π4
{
1
2
(1− x)(9 − 21x+ 119x2 − 61x3 + 14x4)
+30x2 ln x} +
〈g2G2〉
32 × 28π4
(1− x)(1 − 25x+ 32x2), (34)
Πcond. =
msM
2
B
24π2
〈s¯s〉+
ms(m
2
0 − 2m
2
s)
48π2
〈s¯s〉 −
2
3
〈q¯q〉2e−m
2
s/M
2
B(1−
m20
M2B
−2
m20m
2
s
M4B
) +
ms〈s¯gσ ·Gs〉
32 × 25π2
(3−
m2s
M2B
). (35)
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• The independent sum rule for f s2 is
− λ22M
2f s2e
−M2/M2
B =
∫ s0
m2s
e−s/M
2
Bρ(s)ds+Πcond., (36)
where
ρ(s) = −
s2
5 × 3× 24π4
{[(1− x)(16− 79x+ 31x2 − 39x3 + 11x4)
−60x2 ln x]} −
〈g2G2〉
32 × 25π4
(1− x)(19 + 223x− 233x2), (37)
Πcond. = −
msl
3π2
〈s¯s〉(M2B −
1
6
(m20 − 2m
2
s)) +
ms〈s¯gσ ·Gs〉
12π2
(2 +
m2s
M2B
). (38)
• The independent sum rule for fu1 is
− λ21M
2fu1 e
−M2/M2
B =
∫ s0
m2s
e−s/M
2
Bρ(s)ds+Πcond., (39)
where
ρ(s) =
s2
5× 3× 27π4
{[(1− x)(3− 27x− 47x2 + 13x3 − 2x4)
−60x2 ln x]} +
〈g2G2〉
32 × 28π4
(1− x)2(5− 4x), (40)
Πcond. =
ms
3× 24π2
〈s¯s〉(2M2B −m
2
0 + 2m
2
s)−
5ms〈s¯gσ ·Gs〉
32 × 25π2
(3 + 2
m2s
M2B
). (41)
• The independent sum rule for f s3 is
− λ23M
3f s3e
−M2/M2
B =
∫ s0
m2s
e−s/M
2
Bρ(s)ds+Πcond., (42)
where
ρ(s) = −
ms
5× 28π4
s2{(1− x)(9 − 51x− 11x2 − 11x3 + 4x4)− 60x2 ln(x)]}
+
ms〈g
2G2〉
5× 29π4
1
s
(1− x)(13− 29x+ 29x2 − 3x3)
−
ms〈g
2G2〉
3× 29π4
{(1− x)(131− 79x+ 20x2) + 72 lnx}, (43)
Πcond. =
(m20 − 2m
2
s)M
2
B
25π2
〈s¯s〉 −ms〈q¯q〉
2e−m
2
s/M
2
B(1 +
m20
M2B
−
m20m
2
s
M4B
)
+
M2B
3× 25π2
〈s¯gσ ·Gs〉 −
52m2s
32 × 27π2
〈s¯gσ ·Gs〉. (44)
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• The sum rules of Su1 and S
0
2 are
f ∗MSu1 e
−M2/M2
B =
∫ s0
m2s
e−s/M
2
Bρ(1)(s)ds+Π(1)cond., (45)
where
ρ(1)(s) =
1
5× 28π4
s2[−(1− x)(3− 27x− 47x2 + 13x3 − 2x4) + 60x ln x]
−
〈g2G2〉
3× 29π4
(1− x)2(1 + 2x) +
〈g2G2〉
3× 28π4
(1− x)3, (46)
Π(1)cond. = −
ms
25π2
〈s¯s〉(4M2B − (m
2
0 − 2m
2
s))−
ms〈s¯gσ ·Gs〉
32 × 26π2
(3− 2
m2s
M2B
), (47)
and
f ∗M2(Su1 − 2S
0
2 )e
−M2/M2
B =
∫ s0
m2s
e−s/M
2
Bρ(2)(s)ds+Π(2)cond., (48)
with
ρ(2)(s) =
1
28π4
s2[(1− x)(3 + 47x+ 11x2 − x3) + 12x(2 + 3x) ln x]
+
ms〈g
2G2〉
29π4
[(1− x)2 −
(1− x)(2 + 5x− x2) + 6x lnx
x
]
−
ms〈g
2G2〉
3× 29π4
[2
(1− x)3
x
+ (1− x)(3− x) + 2 lnx], (49)
Π(2)cond. =
M4B
8π2
〈s¯s〉+
3(m20 − 2m
2
s)
32π2
M2B〈s¯s〉+
〈s¯gσ ·Gs〉
3× 25π2
(m2s +M
2
B). (50)
The calculation also shows that sum rules for P u1 and P
0
2 are the same as that for S
u
1
and S02 . Therefore we do not show them explicitly in the text.
In addition, we need to calculate the parameter f ∗ to get the numerical results of Su1
and S02 . The parameter f
∗ is defined by the following matrix element:
〈0|ǫijk
[
ui(0)Cuj(0)
]
γ5 6zs
k(0)|Σ(P )〉 = f ∗ 6zΣ. (51)
In compliance with the standard procedure of QCD sum rules, we arrive at the final result:
2f ∗2e−M
2/M2
B =
∫ s0
m2s
e−s/M
2
Bρ(s)ds+Πcond., (52)
with
ρ(s) = −
3
25π4
[(1− x)(3− x) + 2 ln x]−
〈g2G2〉
3× 29π4
(1− x)(−3 + 5x), (53)
Πcond. =
2
3
〈q¯q〉2e
−
m
2
s
M2
B +
ms〈s¯s〉
3× 23π2
(3M2B −m
2
0 + 2m
2
s). (54)
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TABLE II: Results from QCD sum rules of the nonperturbative parameters.
Parameter V s1 A
u
1 f
s
1 f
s
2
M2B(GeV
2) 0.8 ∼ 1.5 1 ∼ 2 0.7 ∼ 0.9 0.7 ∼ 0.9
Results 0.39 ± 0.01 0.29 ± 0.12 −0.15± 0.12 9.9 ± 2.5
Parameter fu1 f
s
3 P
0
2 (GeV
2) Su1 (GeV
2)
M2B(GeV
2) 0.7 ∼ 0.9 0.7 ∼ 0.9 0.7 ∼ 0.9 0.7 ∼ 0.9
Results −0.11 ± 0.01 1.6 ± 0.2 0.0040 ± 0.0004 −0.0014 ± 0.0002
In fact, there are two different Lorentz structures which may give independent sum rules
for most of the above parameters in the calculation. In practice we choose the proper ones
which may contain more information of the hadrons and have good Borel working windows.
Furthermore, in order to cancel uncertainties from auxiliary parameters such as Borel mass
and the threshold s0 as far as possible, we use the sum rules other than the central values
in numerical analysis. For example, when analyzing Eq. (27), the parameter f 2Σ is replaced
by the sum rule obtained in Ref. [16].
Before arriving at the final numerical values of the parameters from QCD sum rules, we
first need to choose the working window of the Borel parameter, which is determined by
requiring that both the higher resonance contributions and the higher dimension contribu-
tions are subdominant in comparison with the pole contributions. The choice of the Borel
mass for different sum rules is presented in Table.II. Another important parameter in the
sum rules is the threshold, by choosing which the higher resonance contribution can be
represented by the integration of the spectral density with the help of quark-hadron dual-
ity. The threshold is usually connected with the first resonance having the same quantum
number as the concerned composite particle. It is also required that the sum rule does
not dependent on the threshold very much. With the above criterion, in the analysis we
use 2.65 GeV2 ≤ s0 ≤ 2.85 GeV
2. Finally, the inputs of the vacuum condensates we used
are the standard values: a = −(2π)2〈u¯u〉 = 0.55 GeV3, b = (2π)2〈αsG
2/π〉 = 0.47 GeV4,
as = −(2π)
2〈s¯s〉 = 0.8a, 〈u¯gcσ · Gu〉 = m
2
0〈u¯u〉, and m
2
0 = 0.8 GeV
2. The mass of the
strange quark is used as ms = 0.15GeV. In consideration of the isospin symmetry, the
Σ mass is used the central value of Σ+ presented by the Particle Data Group (PDG)
[26]: MΣ+ = 1.189GeV. The final results for the nonperturbative parameters are listed in
Table.II.
IV. EXPLICIT EXPRESSIONS OF THE Σ LCDAS
In this section we present the explicit expressions of the Σ baryon LCDAs. By con-
sidering expressions defined in (12) to (15), we first plot one of the twist-3 distribution
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FIG. 1: Twist-3 distribution amplitudes Φ3(xi) (left) and Twist-4 distribution amplitudes
Φ4(xi) (right).
amplitude Φ3(xi) and one of the twist-4 distribution amplitude Φ4(x3) in Fig. 1 as an
example.
For the definition in (3), our results are listed as follows: Twist-3 distribution amplitudes
of Σ are
V1(xi) = 120x1x2x3[φ
0
3 + φ
+
3 (1− 3x3)], A1(xi) = −120x1x2x3(x1 − x2)φ
−
3 ,
T1(xi) = 120x1x2x3[t
0
1 + t
−
1 (x1 − x2) + t
+
1 (1− 3x3)]. (55)
Twist-4 distribution amplitudes are
S1(xi) = 6(x2 − x1)x3(ξ
0
4 + ξ
′0
4 + ξ
+
4 + ξ
′+
4 ) + 6(x
2
2 − x
2
1)x3(ξ
−
4 + ξ
′−
4 )
−6(x2 − x1)x
2
3(ξ
−
4 + ξ
′−
4 ),
P1(xi) = 6(x2 − x1)x3(ξ
0
4 − ξ
′0
4 + ξ
+
4 − ξ
′+
4 ) + 6(x
2
2 − x
2
1)x3(ξ
−
4 − ξ
′−
4 )
−6(x2 − x1)x
2
3(ξ
−
4 − ξ
′−
4 ),
V2(xi) = 24x1x2[φ
0
4 + φ
+
4 (1− 5x3)], A2(xi) = −24x1x2(x1 − x2)φ
−
4 ,
V3(xi) = 12x3(1− x3)[ψ
0
4 + ψ
+
4 ] + 12[(x
2
1 + x
2
2)x3 − (x1 + x2)x
2
3]ψ
−
4 − 120x1x2x3ψ
+
4 ,
A3(xi) = −12x3(x1 − x2)[ψ
0
4 + ψ
−
4 ]− 12(x
2
1 − x
2
2)x3ψ
−
4 + 12(x1 − x2)x
2
3ψ
−
4 ,
T2(xi) = 24x1x2[t
0
2 + t
−
2 (x1 − x2) + t
+
2 (1− 5x3)],
T3(xi) = 6x3(1− x3)(ξ
0
4 + ξ
′0
4 + ξ
+
4 + ξ
′+
4 ) + 6(x
2
1 + x
2
2)x3(ξ
−
4 + ξ
′−
4 )
−6(x1 + x2)x
2
3(ξ
−
4 + ξ
′−
4 )− 60x1x2x3(ξ
+
4 + ξ
′+
4 ),
T7(xi) = 6x3(1− x3)(−ξ
0
4 + ξ
′0
4 − ξ
+
4 + ξ
′+
4 ) + 6(x
2
1 + x
2
2)x3(−ξ
−
4 + ξ
′−
4 )
−6(x1 + x2)x
2
3(−ξ
−
4 + ξ
′−
4 )− 60x1x2x3(−ξ
+
4 + ξ
′+
4 ). (56)
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Twist-5 distribution amplitudes are
S2(xi) =
3
2
(x1 − x2)(ξ
0
5 + ξ
′0
5 + ξ
+
5 + ξ
′+
5 )− 3(x
2
1 − x
2
2)(ξ
+
5 + ξ
′+
5 )
−
3
2
(x1 − x2)x3(ξ
−
5 + ξ
′−
5 ),
P2(xi) =
3
2
(x1 − x2)(ξ
0
5 − ξ
′0
5 + ξ
+
5 − ξ
′+
5 )− 3(x
2
1 − x
2
2)(ξ
+
5 − ξ
′+
5 )
−
3
2
(x1 − x2)x3(ξ
−
5 − ξ
′−
5 ),
V4(xi) = 3(1− x3)[ψ
0
5 + ψ
+
5 ] + 6x1x2ψ
−
5 − 3(1− x3)x3ψ
−
5 − 6(x
2
1 + x
2
2)ψ
+
5 ,
A4(xi) = 3(x1 − x2)[ψ
0
5 + ψ
+
5 ]− 3(x1 − x2)x3ψ
−
5 + 6(x
2
2 − x
2
1)ψ
+
5 ,
V5(xi) = 6x3[φ
0
5 + φ
+
5 (1− 2x3)], A5(xi) = −6x3(x1 − x2)φ
−
5 ,
T4(xi) = −
3
2
(x1 + x2)(ξ
′0
5 + ξ
0
5 + ξ
′+
5 + ξ
+
5 )−
3
2
x1x2(ξ
′−
5 + ξ
−
5 )
+
3
2
(1− x3)x3(ξ
′−
5 + ξ
−
5 ) + 3(x
2
1 + x
2
2)(ξ
′+
5 + ξ
+
5 ),
T5(xi) = 6x3[t
0
5 + t
−
5 (x1 − x2) + t
+
5 (1− 2x3)],
T8(xi) =
3
2
(x1 + x2)(ξ
′0
5 − ξ
0
5 + ξ
′+
5 − ξ
+
5 ) +
3
2
x1x2(ξ
′−
5 + ξ
−
5 )
+
3
2
(1− x3)x3(ξ
′−
5 − ξ
−
5 )− 3(x
2
1 + x
2
2)(ξ
′+
5 − ξ
+
5 ). (57)
Finally twist-6 distribution amplitudes are
V6(xi) = 2[φ
0
6 + φ
+
6 (1− 3x3)], A6(xi) = −2φ
−
6 (x1 − x2),
T6(xi) = 2[t
0
6 + t
−
6 (x1 − x2) + t
+
6 (1− 3x3)]. (58)
V. SUMMARY
The main aim of this work is to present the explicit expressions of the Σ baryon light-cone
distribution amplitudes. The LCDAs are examined up to twist-6 based on the conformal
symmetry of the massless QCD Lagrangian. The previous papers indicate that higher
conformal spin expansion may contribute in some dynamical processes. Therefore we have
to deal with more nonperturbative parameters both at leading order and at next-to-leading
order to give more detailed information of the LCDAs of the baryon.
Although we can give a general definition of the LCDAs according to the Lorentz struc-
ture of the nonlocal three-quark matrix element between vacuum and the baryon state, we
first need to define the independent distribution amplitudes in a proper frame in order to
describe them with nonperturbative parameters of QCD. With the help of the conformal
symmetry, the LCDAs are redefined and expanded with the conformal spin to the next-
to-leading (NL) order in terms of quark fields with definite chirality. In comparison with
the case of the nucleon, the number of the independent distribution functions of Σ is 14,
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which come from the identity symmetry of the two u or d quarks. The NL corrections of
the LCDAs come from the next-to-leading order expansion of the nonlocal three-quark op-
erator matrix element. The matrix element is parametrized to the nonperturbative inputs
which are connected with the intrinsic properties of QCD. In the calculations, the required
nonperturbative inputs are determined in the QCD sum rule approach. We finally present
the explicit expressions of the light-cone distribution amplitudes of the Σ baryon up to
twist 6 as the main results of this paper.
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Appendix A: Equation of motion
There are altogether 24 coefficients when parametrizing the matrix element of the non-
local three-quark operator. We wish to reduce the number of the independent parameters
as far as possible. Fortunately there are relations from the equation of motion of the matrix
elements of some different local composite operators. The same relations can be found in
Ref. [11]. In this paper we present them only for the completeness of the article and give
the direct results from the constraints of these equations. The constraints are:
〈0|ǫijkui(0)Cγρu
j(0)γλ[iDλsγ]
k(0)|Σ, P 〉 = 0 ,
〈0|ǫijkui(0)Cγλuj(0)[iDλsγ]
k(0)|Σ, P 〉 = Pλ〈0|ǫ
ijkui(0)Cγλu
j(0)skγ(0)|Σ, P 〉 ,
〈0|ǫijkui(0)Cσαβu
j(0)γλ[iDλsγ]
k(0)|Σ, P 〉 = 0 ,
〈0|ǫijkui(0)Ciσαβu
j(0)[iDβsγ ]
k(0)|Σ, P 〉
= P β〈0ǫijkui(0)Ciσαβu
j(0)sk(0)|Σ, P 〉 − 〈0ǫijk[u(0)Ci
↔
Dα u(0)]
ijskγ(0)|Σ, P 〉 ,
〈0|ǫijkui(0)Ciγ5σαβu
j(0)[iDβsγ ]
k(0)|Σ, P 〉
= P β〈0ǫijkui(0)Cγ5iσαβu
j(0)sk(0)|Σ, P 〉 − 〈0|ǫijk[u(0)Cγ5i
↔
Dα u(0)]
ijskγ(0)|Σ, P |〉 ,
〈0|ǫijk[u(0)Cγργ5
↔
Dρ u(0)]
ijdkγ(0)|Σ, P 〉 = 0 ,
〈0|ǫijk[u(0)C{γλi
↔
Dρ −γρi
↔
Dλ}γ5u(0)]
ijskγ(0)|Σ, P 〉
= 〈0|ǫijk[u(0)C
i
2
{σλργ
αi
←−
Dα + γ
ασλρi
−→
Dα}γ5u(0)]
ijskγ(0)|Σ, P
= −iǫλραδ[P
α〈0|ǫijkui(0)Cγδuj(0)dkγ(0)|Σ, P 〉 − 〈0|ǫ
ijkui(0)Cγδuj(0)[iDαsγ ]
k(0)|Σ, P ] .
(A1)
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A simple calculation leads to the following relationships:
Vs1 = 4V
0
2 + 2V
s
3 , −3V
0
5 = 3V
s
3 + V
0
4 ,
V01 − V
0
3 = V
s
1 − V
s
3 + 4V
0
4 − V
0
2 , T
s
3 + T
0
5 = 0,
T 02 = −T
s
1 + 4T
s
3 + 3T
0
4 , T
0
1 − 2T
0
3 − S
0
2 = T
s
1 − 2T
s
3 − T
0
4 + 3T
0
5 + 6T
0
7
T 01 − 2T
0
3 − S
u
1 = T
s
1 − 3T
0
2 − 2T
s
3 − T
0
4 , −2T
s
3 + 2T
0
4 = −2T
0
3 −P
u
1 ,
2T 03 − P
0
2 = 2T
s
3 − 2T
0
4 − 6T
0
7 A
u
1 +A
u
3 +A
0
2 + 4A
0
4 = 0,
Au3 −A
0
2 = V
0
2 + V
0
3 − V
s
3 , 2A
0
5 = V
0
2 + V
0
3 − 2V
0
5 − V
s
3 . (A2)
Appendix B: QCD sum rules of the nonperturbative parameters
In this Appendix we introduce the QCD sum rule method of the nonperturbative pa-
rameters which are required in the paper. We take the process for the decay constant V s1
as an example. It starts from the following correlation function:
Π(q) = i
∫
d4xeiq·z〈|0j1s(x)j¯1(0)|〉, (B1)
where j1s(x) = ǫ
ijk[ui(x)C 6 zuj(x)]γ5[iz
−→
Ds(x)]k, and j1(0) = ǫ
ijk[ui(0)C 6 zuj(x)]γ5s
k(0).
In compliance with the general process of the QCD sum rules, we need to calculate the
correlation function both phenomenally and theoretically. On the phenomenon side, we
interpolate a complete set of states with the same quantum number as the Σ baryon to get
the hadronic representation
Π(q) =
2f 2ΣV
s
1 (q · z)
4 6z
M2 − q2
+ ..., (B2)
where “...” represents contribution from higher resonances and continuum states. By mak-
ing use of the dispersion relation, the equation above can be written as the integration
form,
Π(q) =
2f 2ΣV
s
1 (q · z)
4 6z
M2 − q2
+
∫ ∞
s0
1
pi
ImΠ(s)
s− q2
ds. (B3)
On the theoretical side, we calculate the correlation function at the quark level by use
of the operator product expansion (OPE). In the calculation we expand up to dimension 6
accuracy. Then by hadron-quark duality approximation, the integration function in (B3)
can be equalized by the spectral density calculated theoretically.
As the two representations have the same content, they can be matched so as to get
the sum rule. Additionally, in order to make the numerical estimation more accurate, we
use the Borel transformation to suppress both higher resonances and higher dimensional
contributions. The Borel transformation is defined as
BˆQ
2
M2
B
≡ lim
Q2→∞,N→∞
(−Q2)N (
d
dQ2
)N . (B4)
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FIG. 2: Borel working window V s1 with threshold 2.65 GeV
2 ≤ s0 ≤ 2.85 GeV
2 from up down.
Before getting the numerical estimates of the hadronic parameter, we still have to de-
termine the necessary input parameters such as the threshold s0 and the Borel mass M
2
B.
The threshold is the point from which the higher resonance contributions can be described
by the integration of the spectral density, so it is connected with the first resonance state
that has the same quantum number as the hadron we concern. In the numerical analysis,
we use the values s0 = (2.65 ∼ 2.85) GeV
2. The Borel mass is determined by two different
requirements. First, it should be large enough so that the higher dimension contributions
can be suppressed efficiently, namely, the OPE approach is satisfied. Therefore, we give
the down limit of Borel mass by requiring the higher dimension contributions is less than
30% of the whole. Second, the Borel mass needs to be small so that the higher resonance
contributions can be suppressed efficiently. In determining the up limit of the parameter
it is required that the pole contribution is larger than that of the higher resonances. In
Fig. 2 we plot the numerical results with the Borel window for the sum rule of V s1 . It is
shown that in the working window 0.8GeV2 ≤ M2B ≤ 1.4 GeV
2 the sum rule is acceptable,
so that we arrive at the estimate of the coupling constant
V s1 = 0.39± 0.01, (B5)
where the error comes from the uncertainties of both the Borel parameter and the threshold
s0. The other sum rules obtained in the previous text can be analyzed in the similar
processes and the numerical results are illustrated in Table. II.
[1] The CMS Collaboration, Eur. Phys. J. C 72, 2189 (2012); Phys. Lett. B 716, 30 (2012).
[2] The ATLAS Collaboration, Phys. Lett. B 716, 1 (2012).
[3] P. W. Higgs, Phys. Rev. Lett. 19, 508 (1964); F. Englert and B. Brout, Phys. Rev. Lett. 13,
321 (1964).
[4] G. P. Lepage and S. J. Brodsky, Phys. Rev. Lett. 43, 545 (1979); 43 1625(E); S. J. Brodsky,
G. P. Lepage, and A. A. Zaidi, Phys. Rev. D 23, 1152 (1981); S. J. Brodsky and G. P.
20
Lepage, Phys. Rev. D 24, 2848 (1981).
[5] A. V. Efremov and A. V. Radyushkin, Phys. Lett. B. 94, 245 (1980); G. P. Lepage and S.
J. Brodsky, Phys. Lett. B. 87, 359 (1979); Phys. Rev. D 22, 2157 (1980).
[6] I. I. Balitsky, V. M. Braun, and A. V. Kolesnichenko, Nucl. Phy. B 312, 509 (1989); Sov. J.
Nucl. Phys. 44, 1028 (1986); 48, 546 (1988).
[7] V. M. Braun and I. E. Filyanov, Z. Phys. C 44, 157 (1989).
[8] V. L. Chernyak and I. R. Zhitnitskii, Nucl. Phys. B 345, 137 (1990).
[9] P. Ball, V. M. Braun, Y. Koike, and K. Tanaka, Nucl. Phys. B 529, 323 (1998); P. Ball, and
V. M. Braun, Nucl. Phys. B 543, 201 (1999); P. Ball, V. M. Braun and A. Lenz, J. High
Energy 05, 004 (2006); P. Ball, V. M. Braun, and A. Lenz, J. High Energy 08, 090 (2007).
[10] V. L. Chernyak, A. A. Ogloblin, and L. R. Zhitnitsky, Z. Phys. C 42, 569 (1989); Sov. J.
Nucl. Phys. 48, 536 (1988).
[11] V. M. Braun, R. J. Fries, N. Mahnke, and E. Stein, Nucl. Phys. B 589, 381 (2000).
[12] V. M. Braun, A. Lenz, N. Mahnke, and E. Stein, Phys. Rev. D 65, 074011 (2002); V. M.
Braun, A. Lenz, and M. Wittmann, Phys. Rev. D 73, 094019 (2006); A. Lenz, M. Wittmann,
and E. Stein, Phys. Lett. B 581, 199 (2004).
[13] V. M. Braun et. al., Phys. Rev. D 79, 034504 (2009)V. M. Braun et. al., Phys. Rev. Lett.
103, 072001 (2009).
[14] A. Lenz, M. Gokeler, T. Kaltenbrunner, and N. Warkentin, Phys. Rev. D 79, 094007 (2009).
[15] B. Pasquini, M. Pincetti, and S. Boffi, Phys. Rev. D 80, 014017 (2009).
[16] Y. L. Liu and M. Q. Huang, Nucl. Phys. A 821, 80 (2009); Phys. Rev. D 80, 055015 (2009).
[17] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Nucl. Phys. B 147, 385 (1979); 147,
448 (1979); V. A. Novikov, M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Fortschr.
Phys. 32, 585 (1984).
[18] V. M. Braun and I. E. Filyanov, Z. Phys. C 48, 239 (1990); P. Ball, J. High Energy 01, 010
(1999).
[19] I. I. Balitsky and V. M. Braun, Nucl. Phys. B 311, 541 (1989).
[20] Y. L. Liu, M. Q. Huang and D. W. Wang, Eur. Phys. J. C 60, 593 (2009).
[21] Y. L. Liu and M. Q. Huang, Phys. Rev. D 79, 114031 (2009); Y. L. Liu, M. Q. Huang and
D. W. Wang, Phys. Rev. D 80, 074011 (2009).
[22] Y. L. Liu and M. Q. Huang, J. Phys. G 37, 115010 (2010); Y. L. Liu, L. F. Gan, and M.
Q. Huang, Phys. Rev. D 83, 054007 (2011); L. F. Gan, Y. L. Liu, W. B. Chen, and M. Q.
Huang, Commun. Theor. Phys. 58, 872 (2012).
[23] T. M. Aliev, K. Azizi, and M. Savic, Phys. Rev. D 81, 056006 (2010); G. Erkol and A.
Ozpineci, Phys. Rev. D 83, 114022 (2011); K. Azizia, Y. Saracb, and H. Sundu, Eur. Phys.
J. A 48, 2 (2012); K. Azizi, M. Bayar, A. Ozpineci, Y. Sarac, and H. Sundu, Phys. Rev. D
85, 016002 (2012); T. M. Aliev, K. Azizi, and M. Savic, Phys. Lett. B 723, 145 (2013).
[24] M. Q. Huang and D. W. Wang, Phys. Rev. D 69, 094003 (2004); Y. M. Wang, Y. Li, and
21
C. D. Lu, Eur. Phys. J. C 59, 861 (2009).
[25] V. L. Chernyak and A. R. Zhitnitsky, Nucl. Phys. B 201, 492 (1982); V. L. Chernyak, I. R.
Zhitnitsky, Nucl. Phys. B 246, 52 (1984).
[26] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86 (2012) 010001.
